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Background: KSHV LANA binds virus DNA to mediate episome maintenance.
Results: Mutating the novel LANA DNA binding domain (DBD) positive electrostatic patch engenders replication and episome
persistence deficiencies.
Conclusion: The LANA positive patch, possibly acting through a cell partner, is important for episome maintenance.
Significance: Strategies that interfere with LANA positive patch function may allow future disruption of KSHV
latency.

Kaposi sarcoma-associated herpesvirus (KSHV) has a causa-
tive role in several human malignancies. KSHV latency-associ-
ated nuclear antigen (LANA) mediates persistence of viral epi-
somes in latently infected cells. LANA mediates KSHV DNA
replication and segregates episomes to progeny nuclei. The
structure of the LANA DNA binding domain was recently
solved, revealing a positive electrostatic patch opposite the DNA
binding surface, which is the site of BET protein binding. Here
we investigate the functional role of the positive patch in LANA-
mediated episome persistence. As expected, LANA mutants
with alanine or glutamate substitutions in the central, periph-
eral, or lateral portions of the positive patch maintained the abil-
ity to bind DNA by EMSA. However, all of the substitution
mutants were deficient for LANA DNA replication and episome
maintenance. Mutation of the peripheral region generated the
largest deficiencies. Despite these deficiencies, all positive patch
mutants concentrated to dots along mitotic chromosomes in
cells containing episomes, similar to LANA. The central and
peripheral mutants, but not the lateral mutants, were reduced
for BET protein interaction as assessed by co-immunoprecipi-
tation. However, defects in BET protein binding were indepen-
dent of episome maintenance function. Overall, the reductions
in episome maintenance closely correlated with DNA replica-
tion deficiencies, suggesting that the replication defects account
for the reduced episome persistence. Therefore, the electro-
static patch exerts a key role in LANA-mediated DNA replica-
tion and episome persistence and may act through a host cell

partner(s) other than a BET protein or by inducing specific
structures or complexes.

Kaposi sarcoma (KS)2-associated herpesvirus (KSHV or
human herpesvirus 8), a gamma-2 herpesvirus, has a causative
role in KS, primary effusion lymphoma, and multicentric
Castleman disease, an aggressive lymphoproliferative disorder
(1– 6). KSHV establishes lifelong latency in its human host and
persists in latently infected cells in the form of multiple copy,
circularized, extrachromosomal episomes (7, 8). Episome per-
sistence in proliferating cells requires replication of DNA
before each cell division and segregation of episomes to daugh-
ter nuclei. Persistence of latent infection requires the expres-
sion of the KSHV latency-associated nuclear antigen (LANA)
(9, 10).

LANA, an 1162-amino acid protein, is encoded by ORF73 of
the viral genome and is one of a small subset of viral genes
expressed during latent infection (11–14). LANA is a multi-
functional protein; it regulates a variety of cellular activities
including gene transcription, DNA replication, and signaling
pathways involved in cell proliferation (15–27).

LANA mediates episome persistence by promoting KSHV
DNA replication before each cell division and ensuring segre-
gation of episomes to progeny nuclei. C-terminal LANA self-
associates to bind specific sequence in KSHV terminal repeat
(TR) DNA to mediate its replication (10, 17, 28 –30, 32–36).
LANA tethers KSHV DNA to mitotic chromosomes during cell
division by simultaneously binding KSHV episomes and meta-
phase chromosomes; this tethering mechanism ensures the
segregation of KSHV genomes to progeny nuclei (9, 37–39).
Although the C-terminal LANA DNA binding domain (DBD)
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binds TR DNA, N- and C-terminal LANA each bind mitotic
chromosomes. N-terminal LANA associates with chromo-
somes through amino acids 1–23 binding to histones H2A/H2B
(40). C-terminal LANA can also bind to chromosomes, with
concentration at pericentromeric and peritelomeric regions.
However, N-terminal LANA is the dominant chromosome
association region (41– 44).

We and others recently solved the x-ray crystal structure of
the murine gamma herpesvirus 68 (MHV68) or KSHV LANA
C-terminal DNA binding domain (45– 48). The LANA DBD
shares common structural features with the Epstein-Barr virus
EBNA1 and papillomavirus E2 episome maintenance proteins;
however, LANA contains a unique positive electrostatic
charged patch on its dorsal surface, opposite the DNA binding
interface, which is absent from the EBNA1 and E2 proteins. The
positively charged LANA dorsal face has an important role in
MHV68 establishment of latent infection in mice, as substitu-
tion mutations that altered the peripheral, but not central dor-
sal positive patch charge resulted in substantial deficiency in
expansion of latent infection (45, 47). The dorsal positive patch
is also notable for being a site of interaction with BET (bro-
modomain and extra terminal domain) family proteins (21,
45– 47, 49 –51), including BRD2, BRD3, and BRD4, which
interact with acetylated histones.

To investigate if the dorsal positive patch has a role in LANA-
mediated episome persistence, we generated a panel of substi-
tution mutants that targeted either the central, peripheral, or
lateral regions of the positive patch. We found that mutations of
each of the positive patch regions resulted in deficiencies in
LANA-mediated DNA replication and episome persistence
and that mutating the LANA peripheral positive patch engen-
dered the most severe deficiencies. There was a close correla-
tion of deficiencies in episome persistence and DNA replica-
tion, consistent with replication defects accounting for the
episome maintenance deficiencies. Some mutations in the
LANA dorsal patch reduced BET protein binding; however,
the reduction in binding did not correlate with the deficiencies
in episome persistence.

Experimental Procedures

Cell Lines—Uninfected BJAB B lymphoma cells were cul-
tured in RPMI medium containing 10% bovine growth serum
(Hyclone) and 15 �g/ml gentamicin. KSHV-infected BCBL-1
cells were cultured in RPMI medium containing 20% BGS and
15 �g/ml gentamicin. 293T cell were maintained in DMEM
supplied with 10% BGS and 15 �g/ml gentamicin.

Plasmids—pT7 LANA encodes LANA with an N-terminal
T7 epitope tag (52). LANA containing substitution mutations
in the dorsal positively charged patch of the DNA binding
domain were each cloned into pSG5 (Stratagene) with an engi-
neered N-terminal T7 epitope tag to generate LANA K1044A,
LANA K1044E, LANA K1109A/K1113A/K1114A, LANA
K1109E/K1113E/K1114E, LANA K1138A/K1140A/K1141A,
or LANA K1138E/K1140E/K1141E. Mutations were first intro-
duced into pSG5 T7 LANA �33– 888 (52) using overlapping,
reverse orientation primers containing the mutated sequence
(Table 1) to amplify the entire LANA �33– 888 plasmid. The
PCR amplification product was then digested 1 h with DpnI to

digest template DNA before transformation into Escherichia
coli bacteria. LANA �33– 888 containing each mutation was
digested with restriction enzymes AscI and NruI to remove the
central �33– 888 LANA sequence. An AscI/NruI fragment
from full-length LANA was then inserted into each digested
plasmid to generate full-length LANA containing each of the
C-terminal positive patch mutations. p8TR contains eight cop-
ies of the KSHV TR element and was described previously (9,
44). Brd2 and Brd3 were amplified from cDNA generated from
293T cells using the primers listed in Table 1. Brd4 was ampli-
fied from plasmid pCDNA Brd4 (49) using the primers listed in
Table 1. The Brd PCR products were each digested with the
enzymes indicated in Table 1 and then cloned in-frame into
EGFP-C1 (Clontech). All PCR generated constructs were
sequence-confirmed.

Generation of LANA Expressing Cell Lines—To generate
BJAB cells stably expressing LANA or LANA-containing muta-
tions in the dorsal positive patch, 30 �g of pSG5 LANA or 30 �g
each of the pSG5 LANA positive patch mutants was co-trans-
fected with 5 �g of a plasmid encoding the hygromycin resis-
tance gene. 10 � 106 BJAB cells were transfected in 400 �l of
RPMI medium supplemented with 10% BGS using a Bio-Rad
electroporator at 200 V and 960 microfarads. Forty-eight hours
after transfection cells were seeded at a density of 200 cells per
well in 96-well microtiter plates and placed under selection
with hygromycin. Hygromycin-resistant cells that grew out
were screened for LANA expression. LANA-expressing stable
cells were subcloned to generate clonal cell lines.

Episome Maintenance Experiments—10 � 106 BJAB cell lines
stably expressing WT or mutated LANA were each transfected
with 30 �g of p8TR, which encodes for G418 resistance, using a
Bio-Rad electroporator as above. Transfected cells were main-
tained in RPMI medium containing 10% BGS for 72 h before
seeding at 1000, 100, 10, or 1 cell/well in 96-well microtiter
plates in medium containing 600 �g/ml G418 (Gibco).

G418-resistant cell lines were expanded and assessed for the
presence of episomes by Gardella gel (53). Cells were loaded in
agarose gel wells containing sodium dodecyl sulfate and
DNase-free protease (Sigma). Cell lysis occurs as electrophore-
sis begins in the Tris borate-EDTA buffer. The gel was run
overnight at 110 V, and DNA was transferred to a nylon mem-
brane. Episomal DNA was detected by 32P-labeled TR probe.

Electrophoretic Mobility Shift Assay—LANA or LANA
mutants were in vitro-translated using TNT coupled reticulo-
cyte system (Promega). High affinity LANA binding site 1
(LBS1) (10, 28) oligonucleotides (Table 1) were annealed and
32P-radiolabeled with Klenow polymerase (New England Bio-
Labs). Similar amounts of in vitro-translated LANA, as assessed
by Western blot with anti-T7.Tag antibody (Novagen), were
incubated with LBS1 probe for 30 min at 4 °C in EMSA buffer
(20 mM Tris-HCl, pH 7.5, 50 mM KCl, 10 mM MgCl2, 1 mM

EDTA, 20 �g/ml poly(dI-dC), 0.1 mM DTT, and 10% glycerol).
For the competition controls, a 50-fold excess of unlabeled
LBS1 oligonucleotide or 50-fold excess unlabeled LBS1 oligo-
nucleotide containing the substitution mutations 6C3T/
7C3T, which abolish LANA binding (54), was added to the
incubation. For the electrophoretic mobility supershift assay, 1
�g of T7.Tag antibody (Novagen) was included with the incu-
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bation. The reaction was mixed with loading buffer (95% form-
amide, 10 mM EDTA, 0.1% xylene cyanol, and 0.1% bromphenol
blue), and bound complexes were resolved in a 3.5% non-dena-
turing TBE-polyacrylamide gel after electrophoresis for 1 h at
300 V. In addition, loading buffer lacking xylene cyanol and
bromphenol blue was also used with WT LANA reactions to
assess if these dyes affect LANA DNA binding. The gel was
dried on Whatman paper, and signal was captured on Kodak
Biomax MS film (Eastman Kodak Co.).

Fluorescence Microscopy—Cells were metaphase-arrested by
overnight incubation with 1 �g/ml colcemid (Calbiochem).
Metaphase-arrested cells were swollen for 5 min in hypotonic
buffer (1% sodium citrate, 10 mM CaCl2 10 mM MgCl2) and
spread onto slides by cytospin (Thermoshandon). The cells
were fixed in 4% paraformaldehyde and incubated with primary
anti-LANA monoclonal antibody (ABI Inc., LN53) and sec-
ondary anti-rat Alexa Fluor 488 (Invitrogen, A11006). Cells
were counterstained with propidium iodide (Molecular
probes) at 1 �g/ml. Images were captured using a Zeiss Axios-
kop, PCM2000, with C-imaging software (Compix, Inc.).

Immunoprecipitation and Immunoblot Analysis—For immu-
noprecipitation experiments, 5 �g of LANA or LANA mutant
DNA was co-transfected with 5 �g plasmid DNA encoding
GFP, GFP-BRD2, GFP-BRD3, or GFP-BRD4 into 10-cm dishes
containing 293T cells at 70% confluence using polyethylenei-
mine (PEI) solution (20 �g of PEI/10 �g of DNA) and incubated
at 37 °C for 48 h. Cells were then incubated in lysis buffer (20
mM Tris pH 7.9, 137 mM NaCl, 1% Triton X-100, 10 mM CaCl2,
2 mM EDTA, 10% glycerol, 2000 units/ml micrococcal
nuclease) and subjected to centrifugation. Dynabeads Protein
G (Invitrogen) were incubated with rabbit anti-GFP polyclonal
antibody in lysis buffer for 30 min at 37 °C and washed 3 times
with lysis buffer. The anti-GFP antibody-bound Dynabeads
were then incubated with cell lysate supernatant overnight at

4 °C. Input (5%) and immunoprecipitates were analyzed by
Western blot with mouse monoclonal anti-GFP JL8 (Clontech)
or human anti-LANA serum.

DNA Replication Assay—DNA replication assays were per-
formed by real time PCR as previously described (55, 56).
Briefly, 10 � 106 BJAB cells expressing LANA or LANA
mutants were each transfected with 5 �g of p8TR-gB using
Amaxa Nucleofactor program O-17 and solution V (Amaxa),
and cells were then cultured in RPMI medium containing 10%
BGS. 5 � 106 cells were harvested for low molecular weight Hirt
DNA at 24 or 72 h post transfection. DNA harvested at 72 h was
incubated with DpnI and ExoIII to digest non-replicated plas-
mid. Quantitation of total p8TR-gB at 24 h or replicated
p8TR-gB at 72 h was performed by real time PCR. Total DNA
levels were used to normalize for transfection efficiencies, and
-fold replication over BJAB control was calculated.

Results

LANA Dorsal Positive Electrostatic Patch Mutants Bind TR
DNA—LANA mediates KSHV episome persistence by acting
on TR DNA. The C-terminal LANA DNA binding domain is
essential for this process. C-terminal LANA directly binds a
specific sequence in TR DNA, allowing LANA to mediate DNA
replication and to tether KSHV episomes to mitotic chromo-
somes. Because the dorsal positive electrostatic patch is a dis-
tinctive LANA feature that is absent from the structurally ho-
mologous EBV EBNA1 gamma-1 herpesvirus DNA binding
domain, we asked whether these residues are important for
LANA’s episome maintenance function.

The LANA dorsal positive patch can be spatially divided into
three regions: lateral, peripheral, and central (Fig. 1B). To inves-
tigate these regions, we independently mutated each by substi-
tuting the positively charged lysine residues either with alanine
or to a negative charge with glutamate in full-length LANA (Fig.

TABLE 1
Oligonucleotides
F, forward; R, reverse.

Name Sequence

K1044A Fa AGACGCTTTTTGGGAGCGGATGGAAGACGAGAT
K1044A R ATCTCGTCTTCCATCCGCTCCCAAAAAGCGTCT
K1044E F AGACGCTTTTTGGGAGAGGATGGAAGACGAGAT
K1044E R ATCTCGTCTTCCATCCTCTCCCAAAAAGCGTCT
K1109A/K1113A/K1114A F TATATGTGTATTGTCAGAACGCAGACACAAGTGCGGCAGTACAAATGGCCCGCCTAGC
K1109E/K1113R/K1114A R GCTAGGCGGGCCATTTGTACTGCCGCACTTGTGTCTGCGTTCTGACAATACACATATA
K1109E/K1113E/K1114E F TATATGTGTATTGTCAGAACGAAGACACAAGTGAGGAAGTACAAATGGCCCGCCTAGC
K1109R/K1113E/K1114E R GCTAGGCGGGCCATTTGTACTTCCTCACTTGTGTCTTCGTTCTGACAATACACATATA
K1138A/K1140A/1141A F ACCTACAATCTTCCATAGTTGCGTTTGCAGCGCCCCTGCCATTAACCCAGCC
K1138A/K1140A/1141A R GGCTGGGTTAATGGCAGGGGCGCTGCAAACGCAACTATGGAAGATTGTAGGT
K1138E/K1140E/1141E F ACCTACAATCTTCCATAGTTGAGTTTGAAGAGCCCCTGCCATTAACCCAGCC
K1138E/K1140E/1141E R GGCTGGGTTAATGGCAGGGGCTCTTCAAACTCAACTATGGAAGATTGTAGGT
LBS1Fb GGATTCCCGCCCGGGCATGGGGCCG
LBS1R GGTACGGCCCCATGCCCGGGCGGGA
LBS1 6TT7 Fc GGATTCCCGTTCGGGCATGGGGCCG
LBS1 6TT7 R GGTACGGCCCCATGCCCGAACGGGA
BRD2 EcoRI Fd CATCATGAATTCGATGCTGCAAAACGTGACTC
BRD2 BamHI R CATCATGGATCCGCCTGAGTCTGAATCACTGG
BRD3 Bgl II F CATCATAGATCTATGTCCACCGCCACGACAGT
BRD3 EcoRI R CATCATGAATTCTTCTGAGTCACTGCTGTCAG
BRD4 HindIII F CATCATAAGCTTCGATGTCTGCGGAGAGCGGCCC
BRD4 BamHI R CATCATGGATCCGAAAAGATTTTCTTCAAATATTGAC

a Nucleotides encoding substitution mutations are indicated by bold and italics.
b LANA high affinity binding site (LBS1) is indicated in bold and underlined.
c LBS1 (indicated in bold and underlined) is mutated with substitution mutations at positions 6 and 7 (indicated by italics) (54).
d Restriction enzyme sites are underlined.
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1A). LANA K1044A and LANA K1044E contain substitutions
in the lateral region, LANA K1109A/K1113A/K1114A and
LANA K1109E/K1113E/K1114E contain substitutions in the
peripheral region, and LANA K1138A/K1140A/K1141A and
LANA K1138E/K1140E/K1141E are mutated in the central
region.

We investigated the ability of each LANA mutant to bind
KSHV TR DNA. Because the positive patch is on the opposite
face from the DNA binding surface in C-terminal LANA, we
expected DNA binding to remain intact. However, because it
remained possible that substitution of these residues could
result in conformational changes that might affect DNA bind-
ing, we used EMSA to assess the ability of each mutant to bind
its recognition sequence in TR DNA. As expected (10), incuba-
tion of in vitro translated LANA with TR probe resulted in two
prominent shifted complexes (Fig. 2, A and B, arrows). These
complexes are specific and were effectively competed with a
50-fold excess of unlabeled oligonucleotide (Fig. 2, A and B,
lanes 2) but not with a 50-fold excess of unlabeled oligonucle-
otide containing substitution mutations at position 6 and 7

(6C3T/7C3T) that abolished LANA binding (54) (Fig. 2A,
lanes 3 and 7). The bromphenol blue and xylene cyanol loading
dyes used to visualize gel migration did not affect DNA binding
as omitting these dyes did not alter LANA complexes (compare
Fig. 2, A, lanes 1– 4, with lanes 5– 8). Incubation with anti-T7
antibody, which detects the N-terminal LANA T7 epitope tag,
resulted in a supershift of the two complexes (Fig. 2B, lane 3),
demonstrating that these complexes contain LANA. A third,
minor complex (Fig. 2B, asterisk) migrated more quickly in
some incubations and was specific for LANA as it was not pres-
ent after incubation of the probe with reticulocyte lysate alone
(Fig. 2B, lane 4) and was competed by excess cold competitor
(Fig. 2B, lane 2). This complex likely contains a C-terminal
LANA truncation as incubation with T7 antibody did not result
in a supershifted complex (Fig. 2B, lane 3), indicating the
absence of N-terminal LANA. Incubation of in vitro translated
LANA mutants (Fig. 2B) with TR probe resulted in complexes
that migrated similar to the LANA complexes (Fig. 2B, lanes
5–10). Therefore, the mutations in the dorsal patch region did
not disrupt LANA DNA binding.

FIGURE 1. LANA dorsal positive patch mutants. A, a schematic diagram is shown of LANA and LANA mutants. The proline-rich region (P), aspartate and
glutamate (DE) region, glutamine (Q) region, putative leucine zipper (LZ), and glutamate and glutamine region (EQE) are indicated. The N-terminal nuclear
localization signal is indicated by a wide vertical bar. Residues 5–13 bind the surface of histones H2A/H2B. LANA 996 –1139 self-associates to bind TR DNA and
can also independently associate with mitotic chromosomes. Capabilities for DNA binding, DNA replication, episome maintenance, and -fold deficiency for
episome maintenance are summarized at the right. Ratios indicate the number of G418-resistant cell lines that contain episomes over the total number of
G418-resistant cell lines tested by the Gardella gel, and percentages are shown in parenthesis. The numbers used for the ratios were derived from two
independent experiments. -Fold deficiency was determined based on comparisons of the calculated numbers of cells necessary to seed per microtiter well to
obtain episome containing cell outgrowth in 63.2% of wells. B, surface representation of the positively charged dorsal patch of a dimer of the KSHV LANA DBD
(PDB ID code 2YPY) (47) viewed in PyMOL (v.0.99; Schrödinger). The lateral, peripheral, and central regions of the electrostatic patch are colored purple, green,
and blue, respectively, and individual residues are indicated.
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LANA Dorsal Patch Mutants Are Deficient for TR DNA
Replication—We assessed the role of the LANA dorsal positive
patch in DNA replication. During latent infection, the KSHV
genome must replicate with each cell division in order to persist
in progeny cells. LANA mediates DNA replication after binding
to KSHV TR sequence through its C-terminal domain (28, 32,
34 –36, 57).

To assess DNA replication, BJAB cells or BJAB cells stably
expressing LANA or each of the LANA mutants were trans-
fected with p8TR-gB, a plasmid containing eight terminal
repeat elements. p8TR-gB, purified from Dam methylase-
positive bacteria, contains Dam-methylated DNA. The Dam
methylation results in susceptibility to DpnI digestion. After
replication in mammalian cells, which lack Dam methylase,
DNA is resistant to DpnI digestion. Therefore, detection of
DpnI resistant TR DNA allows for assessment of LANA
DNA replication.

Fig. 3 shows the normalized -fold replication for LANA and
each LANA mutant over the BJAB control. As expected, LANA
efficiently mediated p8TR-gB replication at a 7.2-fold greater
than BJAB control. Notably, all the positive patch mutants were
reduced for TR DNA replication. The central region mutants,
LANA K1138A/K1140A/K1141A and LANA K1138E/K1140E/
K1141E, were only modestly reduced and had a 5.5- and 2.6-
fold replication over control. The peripheral patch mutants,
LANA K1109A/K1113A/K1114A and LANA K1109E/K1113E/
K1114E, were most severely reduced and had 2.0- and 1.4-fold
replication over control. The lateral patch mutants, LANA
K1044A and LANA K1044E, had an intermediate phenotype,
replicating DNA at levels 3.6- and 1.9-fold over control. The
lower replication of the mutants was not due to reduced protein
expression as all were expressed at levels at least equivalent to
WT LANA (Fig. 3B). Therefore, mutation of the LANA positive
patch resulted in deficient DNA replication that was most

FIGURE 2. Mutation of the dorsal patch does not abolish DNA binding as assessed by EMSA. A, radiolabeled LBS1 probe was incubated with rabbit
reticulocyte lysate (lanes 4 and 8) or in vitro translated LANA (lanes 1–3 and 5–7). Samples were run either with (lanes 1– 4) or without (lanes 5– 8) bromphenol
blue (BPB) and xylene cyanol (XC) tracking dye. A 50-fold excess of unlabeled LBS1 competitor was included in lanes 2 and 6. A 50-fold excess of unlabeled LBS1
competitor containing substitution mutations at positions 6 and 7 (6C3T/7C3T), which abolishes LANA binding, was included in lanes 3 and 7. After
incubation, complexes were resolved in a nondenaturing polyacrylamide gel. B, LANA (lanes 1–3) or LANA mutant (lanes 5–10) complexes were resolved after
incubation with LBS1 probe. Anti-T7 epitope antibody, which binds to the N-terminal LANA T7 tag, was included in lane 3. LBS1 probe was incubated with
reticulocyte lysate in lane 4. Arrows indicate full-length LANA complexes in panels A and B. The asterisk indicates C-terminal LANA truncation complexes.
Brightness and contrast were uniformly adjusted with Adobe Photoshop. C, immunoblot of in vitro translated LANA or LANA mutants with anti-T7 antibody
which detects the N-terminal LANA T7 epitope tag.
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severe after mutation of the peripheral patch and least deficient
after mutation of the central region.

LANA Positive Patch Mutants Are Reduced for Episome
Persistence—We investigated the role of the LANA DBD dorsal
positive patch in episome persistence. BJAB cells or BJAB cells
stably expressing each LANA mutant were transfected with
p8TR, which contains 8 copies of the KSHV TR element, and 3
days later seeded into 96-well microtiter plates at 1000, 100, 10,
or 1 cell per well and placed under G418 selection, for which the
plasmid vector encodes resistance. From three experiments,
BJAB cells had an average of 88, 18, 2, and 0 wells with G418-
resistant outgrowth after seeding at 1000, 100, 10, or 1 cell/well
(Fig. 4A). In contrast, LANA expressing cells had G418-resist-
ant outgrowth in 96, 96, 86, and 6 wells after seeding at 1000,
100, 10, or 1 cell/well. The higher outgrowth of the LANA
expressing cells is due to the much higher efficiency of episome
persistence compared with integration, which is required for
p8TR persistence in BJAB cells lacking LANA.

Each of the LANA mutants had deficient G418-resistant out-
growth. The central patch mutants were moderately reduced
and LANA K1138A/K1140A/K1141A and LANA K1138E/
K1140E/K1141E had outgrowth in 96, 86, 22, and 2 wells or 93,
57, 9, and 2 wells, respectively, after seeding at 1000, 100, 10, or
1 cell/well. The lateral patch mutants, LANA K1044A and
LANA K1044E, were also moderately reduced and had out-
growth in 96, 91, 23, and 6 wells or 91, 28, 1, and 0 wells, respec-
tively, after seeding at 1000, 100, 10, or 1 cell/well. The periph-
eral patch mutants were most severely affected, and LANA
K1109A/K1113A/K1114A and LANA K1109E/K1113E/K1114E
had outgrowth in 86, 13, 1, and 0 wells, or 87, 19, 1, and 0 wells,
respectively, after seeding at 1000, 100, 10, or 1 cell/well. There-
fore, G418-resistant outgrowth was moderately reduced for the
central and lateral patch mutants, and more severely reduced
for the peripheral patch mutants, consistent with moderate
episome maintenance deficiencies for the central and lateral
patch mutants, and a more severe deficiency for the periph-
eral patch mutants.

We directly assessed for the presence of episomal DNA in the
G418-resistant cell lines. BJAB cells expressing LANA or LANA
mutants were investigated by the Gardella gel (53). In a Gardella
gel, live cells are lysed in the loading wells at the start of the gel
run. Episomal DNA as large as several hundred kilobases
migrates into the gel, whereas chromosomal DNA remains at
the gel origin. Episomal DNA is then detected by Southern blot.
BCBL1 (Fig. 4B, lane 1), a KSHV-infected primary effusion lym-
phoma cell line had a slowly migrating band, which represents
episomal DNA (Fig. 4B, indicated by E), and a faster migrating
band (Fig. 4B, indicated by L), which represents linear, replicat-
ing DNA. As expected, BJAB cells (Fig. 4B, lanes 5– 6), which
lack LANA expression, did not contain episomal DNA; in two
experiments 0/12 (0%) G418-resistant BJAB cell lines had epi-
somes. In contrast, LANA-expressing cells (Fig. 4B, lanes 3 and
4) had episomes in all lanes; in two experiments, 12 of 12 (100%)
G418-resistant LANA cell lines had episomal DNA. The lateral
patch mutant LANA K1044A (Fig. 4B, lanes 7–9) also had epi-
somal DNA in all lanes; in two experiments 18/18 (100%) G418-
resistant LANA K1044A cell lines had episomes. Similar to
LANA K1044A, LANA K1044E had episomal DNA in all lanes

(Fig. 4B, lanes 10 –12); in two experiments 16 of 18 (89%) G418-
resistant LANA K1044E cell lines had episomes. The central
patch mutant LANA K1138A/K1140A/K1141A had episomal
DNA in two of three lanes (Fig. 4B, lanes 19 –21), and in two
experiments 15 of 18 (83%) of LANA K1138A/K1140A/
K1141A cell lines had episomes. LANA K1138E/K1140E/
K1141E had episomes in all three lanes (Fig. 4B, lanes 22–24); in
two experiments 13 of 18 (72%) of LANA K1138E/K1140E/
K1141E cell lines had episomes. The peripheral patch mutant
LANA K1109A/K1113A/K1114A had episomal DNA in one of
three lanes (Fig. 4B, lanes 13–15), and in two experiments 6 of
18 (33%) mutant LANA K1109A/K1113A/K1114A cell lines
had episomes. Last, LANA K1109E/K1113E/K1114E had epi-
somal DNA in two of three lanes (Fig. 4B, lanes 16 –18), and in
two experiments 13 of 18 (72%) cell lines had episomes.

Notably, the migration pattern of episomal DNA for all
mutants except LANA K1044A differed from that of LANA.

FIGURE 3. Dorsal positive patch mutations reduce LANA DNA replication.
A, BJAB cells stably expressing LANA or LANA mutants were transfected with
p8TR-gB, which contains eight copies of the TR element. Hirt DNA was iso-
lated after 24 h to assess transfection efficiencies and again at 72 h to assess
replicated DNA. The amounts of p8TR-gB DNA isolated were quantitated
by real time PCR. The -fold replication for LANA or LANA mutants is shown
relative to BJAB, which lacks LANA. Averages from three independent
experiments are shown. Error bars indicate S.D. B, Western blot for LANA
expression or tubulin (below) is shown for BJAB cells (lane 9), BJAB cells
expressing LANA (lane 7), or BJAB cells expressing LANA mutants (lanes
1– 6). BCBL1 is a KSHV-infected primary effusion lymphoma cell line. The
multiple LANA bands are due to initiation of translation at downstream
noncanonical initiation sites within LANA and also from an isoform result-
ing from a noncanonical polyadenylation site that results in C-terminal-
truncated LANA (31, 68).
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Both LANA and LANA K1044A had episomal DNA bands that
co-migrated with the circular, covalently closed form of the
plasmid p8TR DNA as well as bands that co-migrated with
slower migrating forms of the plasmid p8TR DNA (Fig. 4B, lane
2, vertical line) that migrated between nicked (Fig. 4B, lane 2,
asterisk) and ccc p8TR plasmid DNA. In contrast, the other
LANA mutants lacked these bands. In addition, bands with
much more intense signal compared with the LANA and LANA
K1044A lanes were present for the other mutants (except

LANA K1138A/K1140A/K1141A, which lacked the more
intense bands.) Smears of even faster migrating DNA were also
present in some lanes, such as for LANA K1044E and LANA
K1109E/K1113E/K1114E, and may be due to partially repli-
cated or degraded DNA. Very slowly migrating bands, which
migrated similar to the �200kb BCBL1 episome, were also
present for the mutants. The multiple different migrating epi-
somal forms are due to recombination events, including expan-
sion of the TR elements and multimers of the p8TR plasmid,

FIGURE 4. Disruption of the positive electrostatic patch on the LANA dorsal face leads to episome persistence deficiency. A, limiting dilution G418-
resistant outgrowth was performed after transfection of p8TR DNA. BJAB cells or BJAB cells stably expressing LANA or LANA mutants were transfected with
p8TR plasmid and 72 h later seeded into 96-well microtiter plates at different cell concentrations. Well outgrowth was recorded after 21 days of G418 selection.
Results are the averages of three independent experiments. Error bars indicate S.D. B, Gardella gel analysis for episomal DNA was performed after 42 days of
G418 selection. G418-resistant cell lines were expanded from microtiter wells, and �1 � 106 cells were loaded in each lane of the Gardella gel. Gardella gel
containing KSHV-infected BCBL1 primary effusion lymphoma cells (lane 1), p8TR plasmid DNA (lane 2), G418-resistant, p8TR-transfected, BJAB cells stably
expressing LANA (lanes 3 and 4), BJAB cells (lanes 5 and 6), or BJAB cells expressing LANA mutants (lanes 7–24). G418-resistant, LANA-expressing cell lines
expanded from microtiter plates seeded at 100 cells/well were used for all Gardella assays. The gel origin (O), p8TR covalently closed, circular (CCC) DNA, p8TR
nicked plasmid DNA (asterisk), and BCBL1 episomal (E) and linear (L) forms (linear, a result of lytic replication) are indicated at the left. The vertical bar adjacent
to lane 2 indicates two forms of the p8TR plasmid DNA that co-migrate with certain episomal forms in the BJAB/LANA and BJAB/LANA K1044A lanes. The bracket
indicates positions of episomal bands for LANA mutants.
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which vary in each independently derived cell line. The propor-
tion of slowly migrating DNA compared with episomes that
co-migrate with input p8TR plasmid increases with time under
G418 selection and is due to selection for such recombinants
(10, 52).

To allow comparison of episome maintenance efficiencies of
the different LANA mutants, we calculated the number of cells
necessary to seed per well to obtain episome containing cell
outgrowth in 63.2% of wells. Using the Poisson distribution, if
there is one episome-containing cell per well of a microtiter
plate at the time of cell seeding, it is expected that 36.8% of wells
will have no episome-containing cells. Therefore, nonlinear
regression analyses were used with the G418-resistant limiting
dilution cell outgrowth data (Fig. 4A) to predict how many cells
are required to seed each well of a microtiter plate to obtain
episome-containing cell outgrowth in 63.2% of wells. If the per-
cent of G418-resistant cell lines containing episomes was
�100% (Fig. 1), these percentages, determined from Gardella
gel analyses after seeding at 100 cells/well were used to deter-
mine the number of episome containing wells after seeding at
100 cells/well; using these outgrowth numbers, the Poisson dis-
tribution was used to estimate episome-containing well out-
growth numbers at lower and higher cell seeding concentra-
tions before nonlinear regression analyses. The values for
numbers of cells seeded per well needed for outgrowth of epi-
some-containing cells in 63.2% of wells were 8, 33, 291, 2393,
503, 62, and 216 for LANA, LANA K1044A, LANA K1044E,
LANA K1109A/K1113A/K1114A, LANA K1109E/K1113E/
K1114E, LANA K1138A/K1140A/K1141A, and LANA K1138E/
K1140E/K1141E, respectively (Table 2). Comparison of the val-
ues to that of WT LANA indicated deficiencies of 4-, 37-, 303-,
64-, 8-, and 27-fold for LANA K1044A, LANA K1044E, LANA
K1109A/K1113A/K1114A, LANA K1109E/K1113E/K1114E,
LANA K1138A/K1140A/K1141A, and LANA K1138E/K1140E/
K1141E, respectively (Table 2). For BJAB cells, which require
integration of transfected DNA for G418 resistance, 375 cells/
well were necessary to obtain outgrowth in 63.2% of wells,
which is 42-fold less efficient than LANA’s ability to effect
G418-resistant outgrowth through episome persistence. Nota-
bly, the efficiency of episome maintenance for the peripheral
patch mutants, LANA K1109A/K1113A/K1114A and LANA
K1109E/K1113E/K1114E, each were lower than the efficiency
of integration as observed in BJAB cells. Therefore, although
these mutants were still capable of episome maintenance, the
rate of successful episome maintenance events was dramat-
ically reduced, indicating a high level of deficiency compared
with LANA.

LANA Positive Patch Mutants Concentrate to Dots along
Mitotic Chromosomes in the Presence of Episomes—We investi-
gated whether the LANA dorsal positively charged patch exerts
a role in LANA’s ability to concentrate to dots along mitotic
chromosomes in cells containing episomes. LANA distributes
broadly over mitotic chromosomes but concentrates to dots at
sites of episomal DNA (9). As expected, in cells with episomes,
LANA (green) concentrated to dots along mitotic chromosomes
(red) (overlay of green and red generates yellow dots) (Fig. 5A).
Similarly, in G418-resistant cells containing episomes, each LANA
mutant also concentrated to dots along mitotic chromosomes

(Fig. 5, panels C–H). Therefore, all LANA positive patch mutants
concentrated to dots in cells with episomal DNA.

Central and Peripheral, but Not Lateral, Positive Patch
Mutants Reduce LANA Association with BRD2, BRD3, and
BRD4 —Because the LANA dorsal positive patch exerts a role in
interaction with BET family proteins (21, 45– 47, 49 –51), we
assessed the association of BRD2, BRD3, and BRD4 with each
LANA positive patch mutant. As expected, GFP-BRD2, GFP-
BRD3, or GFP-BRD4 each efficiently co-immune-precipitated
LANA after co-transfection into 293T cells (Fig. 6, A and B).
The lateral positive patch mutants, LANA K1044A and LANA
K1044E, each maintained the ability to co-precipitate with
BRD2 (Fig. 6B), BRD3 (Fig. 6C), or BRD4 (Fig. 6D) with efficien-
cies similar to LANA. In contrast, the central or peripheral pos-
itive patch mutants, LANA K1109A/K1113A/K1114A, LANA
K1109E/K1113E/K1114E, LANA K1138A/K1140A/K1141A,
and LANA K1138E/K1140E/K1141E each were reduced for the
ability to co-precipitate with BRD2 (Fig. 6B), BRD3 (Fig. 6C), or
BRD4 (Fig. 6D) when compared with that of LANA. Therefore,
the central and peripheral positive patch, but not the lateral
patch, mediates BET family protein binding.

Discussion

This work demonstrates that the dorsal electrostatic positive
patch exerts roles in KSHV LANA-mediated DNA replication
and episome persistence. Although mutations in the lateral,
peripheral, or central regions of the positive patch each exerted
effects on replication and episome persistence, mutation of the
peripheral region resulted in the most severe deficiencies.
Overall, the reductions in episome persistence efficiencies
closely corresponded to the relative DNA replication deficien-
cies of the mutants, consistent with these replication defects
accounting for the reduced episome maintenance. The reduced
DNA replication was not due to the inability of LANA to effi-
ciently bind DNA as all mutants similarly bound the TR DNA
binding site as assessed by EMSA (Fig. 2).

The finding that mutations in the peripheral region of the
dorsal positive patch resulted in larger deficiencies in episome
maintenance and DNA replication compared with mutations in
the central patch is supported by other work. In work published
after these experiments were initiated, Domsic et al. (46) used a
7-day plasmid maintenance assay that examined Southern blot
intensity of 8TR plasmids to assess the same triple alanine or
glutamate substitutions of the central or peripheral region as
used here. Our approach used G418-resistant limiting dilution
cell outgrowth and Gardella gel analyses to quantify episome
maintenance efficiency relative to LANA. Both studies similarly
found that the mutations reduced maintenance and that the

TABLE 2
Efficiency of episome maintenance

LANA
63.2%
Value

Relative
deficiency

WT LANA 8 1
K1044A 33 4
K1044E 291 37
K1109/1113/1114A 2393 303
K1109/1113/1114E 503 64
K1138/1140/1141A 62 8
K1138/1140/1141E 216 27
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peripheral patch mutants were more deficient than the central
region mutants (46). Domsic et al. (46) found that charge rever-
sal with glutamate resulted in greater deficiency compared with
alanine substitution for both the central and peripheral patch.

Results here differed in that although glutamate substitution
resulted in greater episome maintenance deficiency for the cen-
tral patch, alanine substitution resulted in greater deficiency for
the peripheral patch (Fig. 1). Here, we also assessed the lateral

FIGURE 5. LANA dorsal positive patch mutants associate with mitotic chromosomes. Control BJAB cells or BJAB cells expressing LANA or LANA mutants
were metaphase-arrested with colcemid. LANA (green) was detected by anti-T7 antibody, and chromosomes (red) were counterstained with propidium iodide.
Overlay of green and red generates yellow. Magnification, �630.

FIGURE 6. Mutation of the peripheral or central, but not lateral, dorsal positive patch reduces LANA association with BET proteins. A, LANA was
co-expressed with GFP or GFP fused with BRD2, BRD3, or BRD4 by transient transfection of 293T cells. After immunoprecipitation (IP) with anti-GFP antibody,
a Western blot was performed for GFP (bottom panel) or for co-precipitating LANA (center panel). The blot showing LANA input is shown at the top. Ig heavy
chain is indicated in the center panel. Asterisks denote GFP or the full-length GFP-BRD fusions. LANA or LANA mutants were also co-expressed with GFP-BRD2
(panel B), GFP-BRD3 (panel C), or GFP-BRD4 (panel D). Immunoprecipitations with anti-GFP followed by Western blot for LANA or GFP were then performed for
each GFP-BRD fusion. Blots showing input LANA for each co-transfection are also shown. The multiple LANA bands are due to initiation of translation at
downstream, noncanonical initiation sites and also from a noncanononical polyadenylation site that results in C-terminal truncation of LANA (31, 68).
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patch and found a moderate episome maintenance deficiency
for these mutants. Domsic et al. (46) showed peripheral patch
mutants were generally more reduced for DNA replication
compared with the central patch mutants, consistent with
results here. In contrast to the work here or by Domsic et al.
(46), which both used triple amino acid substitutions to mutate
either the central or peripheral patch, Hellert et al. (47) exam-
ined single amino acid substitutions in the central or peripheral
patch, and also constructed a mutant with substitutions in both.
Substitution of single peripheral (K1109A) or central (K1138A)
patch residues did not reduce DNA replication, although sub-
stitution of a different central (K1141A) patch residue did
reduce replication (47). Although K1109A and K1138A did not
reduce replication in isolation, a mutant with both these sub-
stitutions was deficient.

These findings suggest that DNA replication and episome
maintenance deficiencies may underlie the observed reduc-
tions in viral latency after infection of mice with MHV68 con-
taining LANA peripheral positive patch mutations. Alanine or
glutamate substitution mutations of the corresponding resi-
dues in the MHV68 LANA positive patch resulted in substan-
tial reduction in expansion of latent infection when the periph-
eral patch was mutated but not when the central patch was
mutated (45, 47). Because MHV68 LANA mediates MHV68
episome persistence using mechanisms similar to KSHV LANA
(58), it is likely that these MHV68 LANA mutants are also defi-
cient for DNA replication and episome persistence.

Notably, after episome establishment, even those positive
patch mutants with substantial episome maintenance deficien-
cies were capable of maintaining episomes for well over a
month and likely can do so indefinitely. It is likely that selection
for recombination events in the TR DNA results in compensa-
tory changes that allow long term persistence for these
mutants, as discussed previously (52, 56, 59). Episomal DNA for
these mutants often migrated much more slowly than input
covalently closed, circular TR plasmid DNA, sometimes co-mi-
grating with BCBL1 KSHV viral genomes, which are �200 kb
(Fig. 4) (33, 60). These changes are due to recombination events
resulting in duplication of TR elements or head to tail multim-
erization of input TR plasmids (10). In addition, such mutants
often had much larger amounts of episomal TR DNA compared
with that for LANA (Fig. 4). It is likely that amplification of the
TR elements or certain critical TR components allows en-
hanced persistence in the presence of LANA deficiency.

These results indicate that the positive patch exerts an
important role in LANA-mediated DNA replication. LANA
lacks enzymatic function and recruits host cell machinery to
replicate DNA. It is possible that the positive patch interacts
with a key replication factor. Origin recognition complex
(ORC) proteins, responsible for pre-replication complex for-
mation, are recruited to TR DNA in a LANA-dependent man-
ner, and ORC1 to ORC6 each interact with C-terminal LANA
(36, 61, 62). Replication factor C, the DNA polymerase clamp
(proliferating cell nuclear antigen (PCNA)) loader allows pro-
cessive DNA replication and is recruited to TR DNA by direct
interaction with LANA to mediate replication. However,
LANA residues 262–320, rather than the C-terminal domain,
are critical for replication factor C interaction (63). Topoi-

somerase II�, which facilitates DNA replication by inducing
double stranded breaks, interacts with LANA N-terminal
amino acids 1–32 and not the C-terminal domain (64). Struc-
ture-specific recognition protein 1 (SSRP1), which was shown
to exert a role in LANA replication, and replication proteins A1
and A2 also associate with LANA, but their binding regions
within LANA have not been identified (65, 66). In addition,
HBO1, a histone acetyltransferase important for replication
licensing, and minichromosome maintenance complex
(MCM), a DNA helicase important for replication, are both
recruited to the TR DNA region in a LANA-dependent man-
ner, although they have not been shown to bind LANA (62).
Ubiquitin-specific protease USP7 interacts with LANA resi-
dues 971–986 upstream of the positive patch, and deletion of
the USP7 interacting sequence enhanced LANA replication
(67). It is possible that one of these or another replication factor
may interact with the positive patch to mediate LANA DNA
replication.

The dorsal positive patch was recently shown to mediate
interaction of C-terminal LANA with DNA, independent of
DNA sequence (48). Therefore, it is possible that the LANA
DBD can bind its specific TR recognition sequence along its
ventral surface and simultaneously bind additional DNA
regardless of sequence along its dorsal surface. It is possible that
such DNA binding through the dorsal positive patch, perhaps
inducing specific three-dimensional structures, may exert an
important role in DNA replication.

Although mutation of the peripheral and central positive
patch reduced BET protein binding, the diminished binding did
not correlate with the deficiencies in LANA-mediated DNA
replication or episome persistence. For instance, despite similar
reductions in BET protein interaction, the peripheral patch
mutants were more compromised for episome persistence than
were the central patch mutants. In other work reduced BRD4
binding to LANA was similarly observed with triple substitu-
tion central patch mutants. However, in contrast to results
here, there was little to no loss of BRD4 binding when the same
triple substitution peripheral patch mutants were tested (46). In
addition, work found that the peripheral patch mutation
K1109A and the central patch mutations K1138A or K1140A
each reduced BRD2 and BRD4 binding and that combined
K1109A/K1138A mutations completely abolished BRD2 and
BRD4 binding. The central patch mutation K1141A also
reduced BRD2 and BRD4 binding, although to a lesser extent
(47). The peripheral patch mutation K1113A reduced BRD2,
but not BRD4 binding (47). The persistence of a modest level of
LANA binding to BET proteins in most mutants despite posi-
tive patch mutations likely relates to the two distinct contact
points between BET proteins and C-terminal LANA. The pos-
itive patch interacts with a conserved serine-rich region of BET
proteins, whereas residues 1125–1129 interact with the
upstream BET protein ET domain (47). Consequently, it is
expected that although the positive patch mutants will have
reduced interaction with the BET serine-rich region, the ET
domain can continue to interact with LANA 1125–1129.

Our results demonstrate that all positive patch mutants were
capable of concentrating to LANA dots along mitotic chromo-
somes (Fig. 5). Dot formation is due to LANA concentration at
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sites of KSHV episomes (9). In other work, Hellert et al. (47)
found that the LANA dorsal positive patch exerted a role in
higher order LANA oligomerization as K1109A (peripheral
patch), K1113A (peripheral patch), K1138A (central patch), or
K1109A/K1138A (peripheral and central patch) each reduced
the ability of the LANA C-terminal domain to precipitate
LANA from cell extracts. In addition, the K1109A/K1138A
mutant was impaired for the ability to form LANA dots after
transient transfection of LANA and DNA containing four TR
elements into HeLa cells, although the K1109A or K1138A
mutants maintained the ability to form dots. This finding dif-
fers from our results as we did not observe loss of LANA dots in
any positive patch mutants that stably maintained episomes. It
is possible that these differences could be due to the different
experimental approaches used or to the differences in LANA
mutations. For instance, K1109A/K1138A contains mutations
in both the peripheral and central positive patch region, but the
mutants used here independently mutated the peripheral or
central positive patch, and no mutant contained substitutions
in both the peripheral and central regions.

This work shows that the LANA C-terminal domain dorsal
positive electrostatic patch exerts roles in LANA-mediated
DNA replication and episome persistence. Future work should
elucidate whether the dorsal positive patch exerts its effects
through interactions with a particular host cell partner(s) or
through another mechanism, such as interacting with DNA in a
sequence independent manner.
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